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Edited by Ivan SadowskiAbstract Elongation factors EF-G and EF-Tu are structural
homologues and share near-identical binding sites on the ribo-
some, which encompass the GTPase-associated centre (GAC)
and the sarcin-ricin loop (SRL). The SRL is ﬁxed structure
in the ribosome and contacts elongation factors in the vicinity
of their GTP-binding site. In contrast, the GAC is mobile
and we hypothesize that it interacts with the alpha helix D of
the EF-Tu G-domain in the same way as with the alpha helix
A of the G 0-domain of EF-G. The mutual locations of these
helices and GTP-binding sites in the structures of EF-Tu and
EF-G are diﬀerent. Thus, the orientation of the GAC relative
to the SRL determines whether EF-G or EF-Tu will bind to
the ribosome.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The ribosome is a large molecular machine for protein
synthesis. During the elongation of a polypeptide chain the
ribosome sequentially interacts with two GTPases, EF-Tu
and EF-G. EF-Tu brings aminoacyl-tRNA to the ribosomal
A-site and its GTPase activity is stimulated by recognition of
the mRNA codon by the aminoacyl-tRNA anticodon at the
decoding centre of the small subunit. EF-G acts after comple-
tion of the peptidyl transferase reaction on the large subunit.
Although both elongation factors have very similar shapes
[1] and their binding sites on the ribosome strongly overlap
[2–5], they act at diﬀerent stages of the elongation cycle.
Moreover, the elongation factors alter the conformation of
the ribosome, so that it oscillates between the states competent
for binding of either EF-G or EF-Tu, respectively [6]. An
important and unanswered question is how can elongation fac-
tors bind and function at the proper time? This problem can be
divided into two parts: First, what changes are induced in the
ribosome upon transition from EF-Tu to EF-G competent
state? Second, what diﬀerences in the elongation factor struc-
tures allows the ribosome to distinguish between them?*Corresponding author. Fax: +7 095 9393181.
E-mail address: dontsova@genebeee.msu.su (O.A. Dontsova).
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doi:10.1016/j.febslet.2005.09.0102. Elongation factors interact with immobile sarcin-ricin loop
(SRL) and movable GTPase-associated centre (GAC)
Both elongation factors bind near the L7/L12 stalk of the
large ribosomal subunit. The elongation factor binding sites
are known to be composed of two elements of the large ribo-
somal subunit: SRL and GAC (Fig. 1). The SRL of 23S rRNA
is relatively immobile, although some changes in its conforma-
tion were suspected [7]. In contrast, the GAC is mobile. Struc-
turally, it is composed of the helices 43 and 44 of the 23S
rRNA, which are connected to the rest of the 23S rRNA
molecule via the helix 42 (Fig. 1). The helices 43 and 44 bind
protein L11, while the helix 42 binds the ribosomal protein
complex L10/2 · L7/2 · L12/2, which is also the component
of GAC. The movements of GAC relative to the other parts
of the ribosome are well documented by a number of structural
methods [4,8,9]. In general, the GAC is found in either ‘‘open’’
or ‘‘closed’’ conformation, where it is located distant or close
to the loop-end of the helix 89, respectively (Fig. 1A). The
‘‘closed’’ conformation is frozen in the crystals of the large
ribosomal subunits from Deinococcus radiodurans [10], while
the ‘‘open’’ one was found in the crystals of the large subunits
from Haloarcula marismortui [11].3. ‘‘Open’’ conformation of GAC is characteristic for the post-
translocation complexes with EF-Tu in the GTP state and
EF-G in the GDP state, while ‘‘closed’’ – for the pre-
translocation complexes with EF-Tu in the GDP and EF-G in
the GTP states
Cryo-EM reconstructions of functional complexes of ribo-
somes revealed that these conformations correspond to diﬀerent
stages of the elongation cycle. In particular, aminoacyl(aa)-
tRNA*EF-Tu*GDP complex bound to the ribosome and stabi-
lized by kirromycin was shown to have GAC in the ‘‘closed’’
conformation [4], while the aa-tRNA*EF-Tu*GDPNP com-
plex bound to the ribosome is characterized by the GAC in
the intermediate, ‘‘half-closed’’ conformation, resembling the
‘‘open’’ one more than ‘‘closed’’ [12]. EF-G can also induce
two diﬀerent conformations of the GAC on the ribosome.
When stabilized by GDPNP, EF-G interacts with the GAC in
the ‘‘closed’’ conformation [8,9], while in the state after GTP
hydrolysis, in the complex stabilized by fusidic acid, the GAC
is found in an ‘‘open’’ conformation [8]. It is important to note
that the ‘‘open’’ and ‘‘closed’’ conformations of the GAC in
the ribosome-elongation factor complexes correlate with theblished by Elsevier B.V. All rights reserved.
Fig. 1. The model describing selection of elongation factors by movement of the GAC. (A) Superposition of the tertiary structures of the 23S rRNA
regions from D. radiodurans [10] and H. marismortui [11]. The movement of the GAC (yellow – D. radiodurans, orange – H. marismortui) is indicated
by the green arrow. Position of SRL is marked by green circle. GAC in the open position is marked by blue circle, while the closed position with the
red one. (B) Tertiary structure of the EF-Tu complex with Phe-tRNAPhe and GMPPNP [14]. The GTP analog is marked in green. The putative site of
interaction with the GAC area (helix D) is colored red. (C) Tertiary structure of the EF-G complex with GDP [15]; GDP is colored green. The helix A
of the G 0-domain which is speciﬁc for elongation factor G and which has been proposed to interact with the GAC is colored blue. Note the diﬀerence
in the distances between the guanosine nucleotide binding site and the putative site of interaction with the GAC. The ﬁgure was created with the help
of SwissPDBviewer [16].
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EF-G Æ GTP binds to the pre-translocation ribosomal complex,
after the dissociation of EF-Tu Æ GDP. At the same time EF-
G Æ GDP dissociates from the post-translocation ribosomes,
leaving it for subsequent binding of EF-Tu Æ GTP Æ aa-tRNA.4. Which parts of elongation factors interact with the GAC or
neighbouring proteins?
In the absence of high-resolution X-ray data on the structure
of complexes of elongation factors with the ribosome, the
details of the contact between the factors and the ribosome
could only be deduced from the intermediate resolution cryo-
EM models. It was proposed that in the GDP state the G 0
domain of EF-G is involved in the contact with, presumably,
L11, one of the GAC-binding proteins [8]. The GAC in this
complex is in the ‘‘open’’ conformation and the ‘‘arc-like’’ con-
nection between the GAC and EF-G is visible. In the complex
of aa-tRNA Æ EF-Tu Æ GDP Æ kirromycin with the ribosome [4]
the GAC is in the ‘‘closed’’ conformation. Mutagenesis [13]
and cryo-EM data [3] favour the existence of a contact between
helix D of the EF-Tu G domain and the ribosomal proteins
L7/L12 or other components of the stalk region.5. How do EF-G and EF-Tu discriminate between the open and
close conformations of the GAC?
Elongation factor EF-G complexed with GDP and aa-
tRNA Æ EF-Tu Æ GTP complex have very similar structures
[1]. Moreover, they share almost the same binding site on
the ribosome (see discussion above). The diﬀerence in the bind-
ing site, however, might be related to the distance between the
two ribosome attachment points of the elongation factors,
namely the GAC and SRL. One should also keep in mind that
the GTP binding region of both factors (Fig. 1 B and C; gua-
nosine nucleotide is marked ‘‘green’’) contacts the SRL, whichis much less ﬂexible (Fig. 1A). In contrast, however, the puta-
tive sites of contact of elongation factors with the GAC area
diﬀer. Helix D, which is a part of the G-domain of EF-Tu
(Fig. 1B; ‘‘blue’’ helix), contacts the GAC region [3,13]. The
G domain of EF-G is highly homologous with the correspond-
ing G-domain of EF-Tu and it contains the helix which is
homologues to helix D of EF-Tu. Additionally, it has a G 0
domain containing a similar helix (helix A of the G 0 domain)
located by approximately 18 A˚ from helix D (Fig. 1C; ‘‘blue’’
helix). In fact, it was this very G 0 domain that was determined
to be the contact site between L11 and EF-G in the GDP and
fusidic acid stabilized EF-G-ribosome complex [8].
Table 1 summarizes the conservation data for amino acids
that belong to the G domain helices D of bacterial EF-Tu
and EF-G, together with the helix A of the G 0 domain of
EF-G. Escherichia coli EF-Tu and EF-G sequences were used
for homology search using PSI-Blast program (http://www.
ncbi.nlm.nih.gov/BLAST/). Bacterial elongation factor sequen-
ces were extracted from the list of homologous and used to
create the table. The exposed amino acids of the helix D of
EF-Tu G domain are very similar to the ones exposed by the
helix A of the G 0 domain of EF-G, but not the ones belonging
to the helix D of the EF-G G-domain. The consensus being ()
(U) () (+) (), where (+) and () are positively and negatively
charged residues, respectively, and (U) is any hydrophobic
residue. We hypothesize that these helices of EF-Tu and
EF-G make the corresponding contacts with the same
component of the GAC region. Since the distances between
these helices and the guanosine nucleotide pockets on the
factor surfaces are diﬀerent (Fig. 1B and C), the relative dis-
tance between the GAC and SRL in the ribosome determines
which elongation factor will preferentially bind to the given
functional state.
Fig. 2 summarizes a model for the sequential binding of
elongation factors. The ‘‘closed’’ conformation of the GAC
is characteristic for the ribosomal complex with aa-tRNA Æ
EF-Tu Æ GDP Æ kirromycin [4] and EF-G Æ GDPNP [8,9], both
containing the ribosome in the pre-translocation state
Table 1
Conservation of the aminoacid residues in the bacterial EF-Tu G-domain helix D, EF-G G-domain helix D and G 0-domain helix A
Residue numbera Most
frequent
aminoacids
Number of species, containing particular aminoacid
A C D E F G H I K L M N P Q R S T V W Y
EF-Tu helix D of the G-domain
b E c 0 0 17 106 0 1 1 0 0 5 0 0 0 1 0 0 0 0 0 0
L U 0 0 1 0 0 0 0 0 0 123 1 0 0 0 1 0 0 5 0 0
150 V 0 0 0 5 0 0 0 0 0 0 0 0 1 0 0 0 0 125 0 0
E  2 0 0 124 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0
ML U 0 0 0 8 1 0 0 2 0 20 99 0 0 0 0 0 0 1 0 0
E  1 0 2 123 0 0 0 0 0 1 0 0 0 0 0 0 0 4 0 0
154 V 0 0 0 1 0 0 0 15 0 8 1 0 0 0 5 0 0 101 0 0
R + 0 0 0 5 0 0 0 1 0 1 0 0 0 0 120 3 0 1 0 0
ED  0 0 43 79 0 0 0 0 0 5 0 0 0 1 0 2 0 1 0 0
EF-G helix D of the G-domain
RK + 4 0 0 5 7 2 1 0 27 3 3 10 0 0 56 2 0 0 0 19
154 VS 8 17 0 0 0 1 0 0 0 0 0 1 0 0 0 33 7 72 0 0
155 V 1 2 0 6 2 0 4 9 1 4 0 1 0 2 1 0 2 95 0 9
ED  6 0 20 43 0 17 0 0 14 1 0 10 0 8 9 11 0 0 0 0
QTM U 3 0 4 5 0 0 0 0 0 0 22 0 0 65 0 14 26 0 0 0
158 IL 1 0 0 0 0 0 1 63 0 41 18 0 0 0 0 0 1 14 0 0
KR + 0 0 1 7 0 5 16 1 67 1 0 2 1 5 23 2 0 7 0 1
DET  5 0 46 30 0 1 1 2 4 1 1 9 0 8 0 8 23 0 0 0
R + 1 0 0 0 0 0 0 0 17 0 0 0 0 1 112 0 0 7 0 0
EF-G helix A of the G 0-domain
E  16 0 9 57 0 0 1 2 9 1 0 16 0 19 3 2 2 1 0 0
E  1 0 0 105 1 0 0 3 11 1 1 1 0 5 2 2 3 2 0 0
YW U 12 0 0 2 3 0 0 0 3 7 5 0 0 0 3 0 1 0 45 57
219 R 0 0 0 1 0 0 13 0 1 0 0 1 0 0 121 0 0 0 0 2
EA  25 0 5 46 0 8 1 2 1 1 2 10 0 16 1 14 5 1 0 1
K + 5 0 1 9 5 0 8 2 68 0 6 19 0 5 3 4 1 1 0 2
222 LM 0 0 1 0 0 0 0 1 0 93 44 0 0 0 0 0 0 0 0 0
223 IVL 0 0 0 2 0 0 0 54 0 35 4 0 0 0 0 0 0 44 0 0
E  0 0 19 119 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
aE. coli numbering is used for aminoacid positions.
bShadowed are the exposed residues.
cCharge or hydrophobicity of the most frequent aminoacids is indicated.
Fig. 2. Model for the sequential binding of elongation factors to the
ribosome. The ribosomal complexes are depicted as containing large
and small subunits and tRNA molecules, marked by A, P, or E letters,
according to the tRNA binding site. Elongation factors G and Tu are
shown bound to the ribosome next to its A-site and signed accordingly.
The ‘‘hand’’ corresponds to the GAC in either open (lower complexes)
or closed (upper complexes) conformation. Pre- or post-translocation
state of the ribosome is indicated above the complexes. The ‘‘handle’’
corresponds to the helices, interacting with GAC: helix A of the EF-G
G 0-domain and helix D of EF-Tu G-domain.
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served in the post-translocation state of ribosomes complexed
with EF-G Æ GDP Æ fusidic acid [8] and the ‘‘half-open’’ confor-
mation corresponds to the post-translocation state containingaa-tRNA Æ EF-Tu Æ GDPNP [12] (Fig. 2, lower part). In sum-
mary, this means that EF-G Æ GTP binds to the ribosome when
the GAC is in the ‘‘closed’’ conformation – the same state left
by EF-Tu Æ GDP. This interaction involves the homologous
helices D of the G-domain of both factors. Upon GTP hydro-
lysis and translocation the GAC is being shifted to the ‘‘open’’
conformation, where it forms a contact with the helix A of the
G 0 domain. It might be an attractive idea that EF-G induces
translocation of the CCA-ends of tRNAs on the large ribo-
somal subunit via a cascade of conformational alterations
started with GAC movement and transmitted by the helix 42
to the peptidyl transferase centre of the ribosome.
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